ABSTRACT. A multi-disciplinary, multi-institutional research team evaluated a broad range of physi
INTRODUCTION
Great Lakes coastlines have been subject to intensive coastal development (Christie et al. 1987 , Steedman and Regier 1987 , Edsall 1996 , Edsall and Charlton 1997 . In response to this coastal development, Great Lakes nearshore areas have been altered to maintain commercial navigation and protect property threatened by coastal erosion. These alterations include the construction of large structures to protect harbors and adjacent commercial infrastructure, dredging of channels to maintain commercial and recreational navigation, and the emplacement of erosion-control structures to protect both private and public property. These structures typically reduce bluff recession, but over the long term, may lead to: the reduction or elimination of beaches and barrier systems, the loss of nearshore sand substrates, and an increase in lakebed down cutting and water depths in nearshore areas (e.g., Shabica and Pranschke 1994, Nairn and Willis 2002) . The net effect of these "improvements" has been to alter the natural coastal processes that create and maintain drive erosion and sediment transport, and therefore the nature and extent of nearshore habitats of Great Lakes shorelines.
These changes directly threaten the Great Lakes ecosystem by impacting coastal marshes and wetlands, reducing Great Lakes water quality, altering habitat heterogeneity, and impacting fish spawning and nursery habitats (Regier and Hartman 1973 , Steedman and Regier 1987 , Leslie and Timmins 1993 , Kelso et al. 1996 , Brazner and Beals 1997 . The destruction of barrier systems results in the loss of adjacent wetlands through direct erosion due to wave attack. Restoration or protection of these wetlands may involve armoring of the barrier system, which alters the connectivity, hydrology, and function of the wetland. The resulting loss of connectivity between coastal wetlands and nearshore areas can have serious implications for the reproductive and recruitment success of many Great Lakes fishes (Brazner et al. 2001) . Loss of sand and gravel substrates can reduce potential spawning, nursery, residential, and migratory fish habitats in nearshore areas (Goodyear et al. 1982) , and changes in bathymetry alter water circulation patterns, which may in turn affect water temperature, turbidity, available prey, and distributions of larval and juvenile fish.
RATIONALE
The goal of this research was to implement a multi-disciplinary pilot study to develop and test a conceptual framework to identify potential cumulative physical and ecological impacts of anthropogenic shoreline modifications along Great Lakes coasts. Such a framework would assist Great Lakes coastal planning and resource management agencies by establishing a set of criteria and pathways necessary to identify critical nearshore areas, functions, or processes need of protection, rehabilitation, and restoration. Moreover, understanding the long-term interactions between physical and biological processes will allow resource management agencies to evaluate potential long-term effects of current policies and resource management decisions on nearshore coastal processes, habitat, and the biological organisms and communities that utilize those habitats.
Conceptual Framework Model
Development of a conceptual framework model to assess potential cumulative impacts of shoreline modifications on nearshore coastal habitats requires an understanding of four fundamental system components: 1) the energy of the system; 2) the underlying geology of the system; 3) the hydrology of the system; and 4) the biology and ecology of the system. As shoreline modifications typically involve alteration of the physical characteristics of the system, a major component of this work has been to develop tools and methods to measure critical variables that will allow us to develop models to predict 
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how nearshore habitats, and the biological organisms and communities that utilize those habitats, will respond to specific abiotic stressors resulting from modifications to the shoreline. A flow diagram illustrating the relationships between abiotic and biotic components of this framework model is presented in Figure 1 . The model is designed to identify the fundamental processes, pathways, and linkages between energy, geology, hydrology, and biology that create and maintain nearshore coastal habitats.
Specific variables evaluated in the site selection process were, in part, determined by the types of methods and tools applied during this pilot study. For example, bluff erosion process models require knowledge of the bluff height above the water, bluff stratigraphy and composition; bluff cross-sectional profiles; groundwater elevation; strength of materials; mechanisms of failure; and historical recession information. Understanding nearshore erosion and sediment transport processes require knowledge of local bathymetry; wind and wave climatology; substrate composition and grain size; available sediment supply; and distribution and thickness of sediments. The ecological model requires knowledge of local fish, benthic, and zooplankton communities as a function of life-stage and season; water mass characteristics (e.g., turbidity, temperature, water chemistry); local bathymetry; energy dissipation by the bottom; substrate composition, grain size, stability, and distribution; and habitat availability and connectivity. Finally, and perhaps most importantly, we require knowledge of how these interactions change with time. Hence, great care was exercised in selecting sites representative of typical Great Lakes ecosystems.
Site Selection
The climatological parameters that drive nearshore coastal processes include wind, waves, and water levels (Meadows et al. 1997) . However, it is the interaction of these parameters with physical characteristics of the shoreline (i.e., geomorphology, surficial materials and bedrock geology, sediment composition and texture) and anthropogenic modifications to the shoreline that structure, create, and maintain nearshore coastal habitats. For the purpose of this study, sites were first selected based primarily on hydrogeomorphic characteristics of the coastline, as it is those characteristics and the coastal processes that act on them that are most severely impacted by anthropogenic modifications to the shoreline.
To provide a broad basis for this study, three sites with similar hydrogeomorphic and geological characteristics were identified. A summary of site characteristics is presented in Table 1 for all six locations. In addition Figure 2 provides the geographical distribution of the sites within the basin and Figure 3 provides aerial views of each nearshore region. These "similar sites" include Painesville, Ohio; St. Joseph, Michigan; and Two Rivers, Wisconsin ( Fig. 1 and Table 1 ). These "mid-bluff" sites have cohesive bluffs that range from 10 to 30 m in height, have similar geomorphological and geological characteristics, and have an open coast exposure. Sediments at these sites typically consist of well-indurated cohesive clays-primarily lacustrine silts and clays, glacial till, and/or bedrock, overlain by thin mobile sand and gravel deposits. The physical characteristics of these sites are typical of many Great Lakes coastlines.
A second set of three sites was chosen based on the unique nature of their physical and biological characteristics. These "unique" site locations included Sheldon Marsh, Ohio; Ludington, Michigan;
FIG. 1. Flow diagram illustrating relationships
between fundamental abiotic and biotic components of nearshore aquatic habitats.
and Port Washington, Wisconsin. The specific physical and/or hydrogeomorphic characteristics that make these sites unique are listed in Table 1 .
Note that for all of these sites, the presence or absence of shore protection was also a factor in the selection process. We attempted to select sites with a range of different types of shore protection: from groin fields at Ludington; sheet-pile seawalls, revetments, and groins at St. Joseph; armored headlands and revetments at Painesville and Sheldon Marsh, and relatively unprotected sites at Two Rivers and Port Washington, Wisconsin. Brief site descriptions are provided that characterize the wave climate and geological and geomorphological characteristics present at each of these sites. Representative photographs are presented in Figure 3 . Sites that have similar hydrogeomorphic characteristics are grouped together and described first ("mid-bluff" sites). Followed by descriptions of the three "unique sites" (Table 1) .
Painesville, OH
Painesville, Ohio, is located in the mid-longitude region of the southern coast of Lake Erie. The shoreline orientation is northeast to southwest and the site is facing the northwest with the longest fetches to the northeast and west. During the most common wind events, the wind blows from the west over an expansive fetch creating high-energy waves. Consequently, the highest energy waves are also the most common and this site exhibits the largest average wave height of all of the survey sites ( Table 2 ). The next most significant wave approach direction is from the northeast. These waves are also characterized by large mean and maximum wave heights but not to the magnitude or frequency of the westerly waves. Therefore, high energy waves approach along either side of the shoreline, predominantly from the west.
The ~16 m high cohesive bluff consists mostly of compact, Ashtabula till, water-lain diamicton, and thinly-bedded lakebed sediments. The base of the bluff is severely undercut and is undergoing active erosion. Much of the bluff in this reach is sparsely vegetated. Shallow slides and slumps dominate the present failure mode, although large slumps have occurred in the recent past and there may be movement on these failure surfaces as well. This appears to be the most rapidly eroding bluff in the study. Painesville has steel and rock revetments to the west with several rock groins nearby and rubble strewn throughout the nearshore zone of the western half of the site. Several examples of "low-cost shore protection" can also be found in this reach. The eastern half of the site is unprotected.
St. Joseph, MI
The site is near St. Joseph in the southwest corner of Michigan near the Indiana border on the southwest edge of Lake Michigan. Since this site faces the direction of the long northwest fetch, the largest waves approach nearly perpendicular to the shore under the influence of the prevailing westerly winds. The most frequent wave approach is from the west. Waves approaching directly from the north are relatively infrequent.
The bluffs at St. Joseph have historically suffered a great deal of bluff recession. The ~30 m high cohesive bluff consists of mostly till in the upper part of the bluff with sand below. In the southern part of the reach the bluff is entirely sand. The bluff is partly vegetated with mature trees. In the past, undercutting by waves has removed sand and silt from low on the bluff and the upper cohesive diamicton has collapsed. Most of the site, however, is protected by rock revetments or other shore-protection structures (e.g., rock, steel, old cars, tires, concrete rubble) in an attempt to protect the fragile bluff slope. There is a groin field on the north end of the site. The site is bounded to the north by the large harbor structures at St. Joseph/Benton Harbor. This structure acts as a sediment trap with significant volumes of sediment accreted on the updrift (north) side of the structure. The navigation channel is periodically dredged by the U.S. Army Corps of Engineers (USACE) and a portion of the dredged materials is placed in a feeder beach on the south side of the structure.
Two Rivers, WI
The survey site at Two Rivers faces east, and it is located south of the Door Peninsula. The shoreline at this site is in the lee of the prevailing westerly wind direction. Waves produced by westerly winds are directed offshore and are commonly high in energy. This site is located in the mid-latitude region of Lake Michigan and, therefore, is affected by the long fetches to the northeast and the southeast. Hence, the larger waves approach from either northeast or southeast along the shoreline. Waves approaching perpendicular to shore have lower wave heights than the oblique waves. The long fetch to the southeast coupled with the south-north shore orientation produces frequent waves (~30%) with maximum wave heights from the southeast.
The ~9 m high cohesive bluff has receded fairly rapidly over the past 20 years. The bluff fails by shallow slides and flows, and small shallow slumps. It appears to retreat in a parallel manner. The bluff is partially vegetated with grasses and a few mature woodlots located on the bluff crest. Clayey Two Rivers till is present along all of the upper third of the bluff. The middle third of the bluff is composed of lakebed sediments primarily interbedded silt and clay. The lower third of the bluff consists of the clay-rich Haven till, which is commonly covered with slump material, especially during periods of lower water levels. The Two Rivers site is centered on a boat launch ramp that is protected by rock revetments to the north and south. The remnants of a wooden pier are evident in the nearshore zone north of the ramp. There are large rock revetments located in front of the nuclear power plant located immediately south of the site.
Sheldon Marsh, OH
The shoreline of this reach faces northeast and is located southeast of the entrance to Sandusky Bay. At one time this area was protected by a barrier-island complex separating the bay from Lake Erie. This site has the most unique wave climate of all of the sites. Due to very limited fetch length, it is notably the calmest site, exhibiting the lowest maximum wave height (3.6 m) among sites. Although the maximum wave height is lower than other sites, the average wave height of 0.7 m is similar to the other sites when compared to the overall study average of 0.75 m. The most frequent wind directions are from the south and southwest, which are directed offshore.
Sheldon Marsh is bounded to the east and to the west by rock revetments. The eastern side protects a golf resort and the NASA pumping station. The western revetment protects a condominium complex and individual homes on the Cedar Point Chaussee. This revetment extends all the way to the Cedar Point Causeway. An extensive marsh lies behind the barrier beach and there is no bluff.
Ludington, MI
The shoreline at Ludington is oriented westsouthwest, facing the prevailing wind direction. It is also in the mid-latitude region of Lake Michigan with long north and south fetches. Since the shoreline is oriented slightly west of north, the shoreline is shielded from the northern fetch resulting in a dominant fetch to the south. Accordingly, both the maximum wave height and most frequent occurrence come from the south-southwest.
Ludington has a major harbor structure to the south. Sediment transport at this site is mixed, as sediment is transported approximately equally to the north and to the south. Sections of the shoreline are protected by a vertical revetment where homes and/or public facilities are constructed near the shore. Groin fields are constructed along a portion of the site to protect the Ludington State Park access road. Many of these groins are in poor condition. The northern part of the reach is immediately south of the Big Sable Point Lighthouse. The lighthouse is fronted by a combination of rock revetment and sheet-pile seawall. A low relief dune field lies above the beach, and slopes on some dunes are active. There is no bluff, and under present low water conditions, waves do not impinge on the dune complex.
Port Washington, WI
The survey site at Port Washington is also in the mid-latitude region of Lake Michigan. This site faces east-southeast and is also in the lee of the prevailing westerly wind direction. Waves produced by westerly winds are directed offshore and are commonly high in energy. The greatest fetches are to the northeast and southeast, and high-energy waves approach from either the northeast or southeast along the shoreline. Waves approaching perpendicular to shore have lower wave heights than the oblique waves. Similar to Two Rivers, the most frequent wave approach direction is from the southeast. However, the waves are smaller than at Two Rivers due to a shorter southern fetch. Approximately 16 percent of the waves come from the south compared to 30 percent at Two Rivers.
The rapidly eroding high bluffs (~ 43 m) at Port Washington are the highest and most dramatic of the survey sites. Large scale, deep-seated slumps, which are then modified by shallow slides and slumps dominate the bluff face at this site. Large blocks of bluff material typically sprawl across the narrow sand beach and are rapidly eroded and removed by ensuing wave action. The upper part of the bluff consists of clayey diamicton that overlies thinly-bedded lakebed silts and clays. The lower bluff is made up of clayey diamicton, but is typically covered by slumped material. Portions of the Port Washington shoreline are protected by small rock revetments at both the north and south of the ends of the study area. A shore-protection structure south of the study site was under construction during the 1999 field season and was completed by the end of the 2000 field season.
Water Levels
The latter half of the 20 th century can be characterized as a period of rising water levels on the Great Lakes, with record highs in 1974 and 1986. Water levels for Lake Michigan and Lake Erie are shown graphically in Figure 4 . During this same time period, there was also rapid development of individual properties along the Great Lakes shorelines. A study by the U.S. Army Corps of Engineers from 1972 to 1976 showed that $170 million was spent on shoreline protection structures (Meadows et al. 1997) . Many of these structures were originally constructed during the record high water years of the early 1970s and either rebuilt or modified during the record highs of the mid-1980s and late 1990s.
During this study, water levels dropped by more than 0.2 m between the 1999 and 2000 data collection periods at all of the sites except at Painesville, Ohio where water levels dropped only 0.14 m (Table 3 ). The smaller drop in lake level at Painesville is due to a short-term fluctuation in Lake Erie water levels due to a wind-driven seiche event over the period of time that data were collected at the site.
DATA COLLECTION
Cooperative joint field operations were conducted during three separate weeks for the summers of 1999 and 2000. Each summer, 1 week was devoted to each state (two sites each) and included the collection of bluff, beach, nearshore profile elevation, and sidescan sonar data lakeward to the depth of sediment closure (~10 m water depth). Sediment and textural data were obtained from each of the profile sites and integrated with sediment distributions interpreted from bottom samples and sidescan sonar data. Biological community data were collected separately (methods described in Goforth and Carman 2005) . Nonparametric Kruskal-Wallis (K-W) tests were conducted to determine whether density and CPUE data for each taxonomic and functional group were different between shoreline types (unique vs. mid-bluff) and among lake areas-Southern Lake Erie (SLE), Eastern Lake Michigan (ELM), and Western Lake Michigan (WLM)). Nearshore density and CPUE measures were also used to determine whether FIG. 4. Historical changes in water levels for Lake Michigan and Lake Erie showing the extended period of above-average water levels spanning the past three decades and the recent decline in water levels starting in 1998, when the project was initiated (shaded bar). (http://www.lre.usace.army.mil/greatlakes/hh/greatlakeswaterlevels/historicdata/ greatlakeshydrographs/) these measures were different between the substrate stability regimes. An alpha level of 0.05 was used for all statistical tests.
RESULTS

Bluff Recession and Nearshore
Sediment Contributions Sediment flux from the bluff is dynamic; delivery of sediment is highly variable and varies seasonally, annually, and with long-term changes in climate and water level. An analysis of the relationship between recession rates and water level changes demonstrates that there is a strong correlation between water level and recession rate for lowbluff shorelines (Brown 2000 , Brown et al. 2005 . Lower water levels generally mean lower recession rates for shorelines with low-relief bluffs. For shorelines with high bluffs, there are often long time lags between removal of material at the toe of the bluff and an erosion event at the top. The sediment flux from high bluffs is episodic, and related to wave impact height and the number and frequency of large bluff failure events along a reach of coastline. For example, at the Port Washington site, large slumps may occur with a periodicity on the order of 50 to 100 years. For high-bluff shorelines, recession rates are not directly influenced by shorter-term changes in water level (Mickelson and Edil 1998) .
Sediment volumes contributed to the nearshore for a given reach of coastline can be calculated by combining changes in water level and historic recession rates. Since the stratigraphy and grain size distribution of bluff sediments are known, recession rate (either historical or predicted) can be translated into sediment volume delivered to the beach under certain wave impact height conditions. The proportions of sand and gravel measured in each stratigraphic unit were multiplied by the thickness of the stratigraphic unit (from Mickelson et al. 1977 , Chapman et al. 1997 , Mackey 1995 , to calculate the total volume of sand and gravel entering the beach from the bluff for a unit distance of recession. Assuming parallel bluff-face retreat and using the long-term bluff recession rates determined from aerial photographs, a determination of the average total amount of sand and gravel per linear meter of shoreline per year contributed by bluff erosion can be made. Sediment contributions due to erosion of the beach and nearshore areas can be made by assuming a constant geometry and shifting the bluff-beach-nearshore profile landward. This is, of course, constrained by nature of the materials present on the lakebed and based on beach/nearshore measurements and observations, we can then estimate the amount of sand and gravel currently in temporary storage on the beach and in the nearshore For example, annual contributions of sediment (sand and gravel) from the bluff and the beach/nearshore were estimated for two reaches with parallel and relatively constant bluff retreat, one on the Lake Michigan shoreline in Wisconsin (Two Rivers), and one on Lake Erie in Ohio (Painesville) (Mickelson et al. 2002) . Both sites have low-moderate height bluffs above the beach. The Two Rivers reach has no significant shore protection and the Painesville reach is unprotected, but adjacent updrift and downdrift reaches are heavily protected. The results are given in Table 4 for both sites. Although more sand is produced by erosion at Painesville, there is not a great deal more sand in storage. This suggests that the Painesville site is sediment starved compared to Two Rivers. A likely cause is that much of the bluff along that part of the Ohio shoreline is protected from erosion thereby significantly reducing the available supply of sediment necessary to create and maintain sand beaches. Reductions in available sediment supply are a direct result of shoreline modification. A reduction in sediment supply will alter the nearshore substrate distributions and affect nearshore aquatic habitats. Similar calculations are not possible for Sheldon Marsh and Ludington as they are low-relief sites and actively eroding bluffs are not present within the survey area. Nearshore Coastal Processes and Sediment Distribution Precision hydrographic surveying, shore-normal nearshore profiles, and sidescan sonar were used to assess changes in beach width, slope, bathymetry, and nearshore sediment distribution. Sediment samples were collected using an Ekman dredge and an underwater video camera was used to assess sediment type, composition, surface texture, and structure along individual shore-normal nearshore profiles and from selected sites based on acoustic characteristics of the sidescan sonar data. Sediment samples were described in detail and sieved for grain size analyses. The results of these analyses are reported elsewhere .
A between-year comparison of 1999 and 2000 hydrographic surveys shows changes in profile bathymetry indicative of nearshore erosion and sediment transport (Fig. 5) . Previous studies along the Lake Michigan shoreline have demonstrated that during lower water levels, substantial deepening of the offshore profile occurs due to increased erosion by larger waves (i.e., increased wave power) and a lower wave base. This steepening of the offshore profile was shown to be a reliable indicator of impending nearshore and beach erosion events (Meadows et al. 1999) . Table 5 contains calculated changes in nearshore slope during the period of falling water levels encompassed by this study. The nearshore areas of profiles with steeper offshore slopes will likely be subject to increased erosion in shallow nearshore, beach, and bluff toe areas with the onset of rising water levels. This occurs as the nearshore system attempts to develop a shore-normal profile that is in equilibrium with incident wave energy.
When water levels drop and the beach slope remains constant, there is a predictable increase in beach width. If the predicted increase in beach width is greater than the actual increase in width, then one can extrapolate that erosion has occurred. However, if the expected increase is less than the actual increase, than accretion has occurred. This is a useful qualitative tool for beach analysis. Between-year comparisons for 1999 and 2000 beach widths along with calculated beach widths are illustrated in Figure 6 .
Data from the hydrographic and sidescan sonar surveys were used to map nearshore sediment distributions at all of the survey sites. In 1999, shoreparallel sidescan sonar surveys were run at the six study sites. At each site, the surveyed area extended farther alongshore than the modeling site and extended offshore to the lakeward edge of continuous sand cover, or to the lakeward end of the shore-nor- mal bathymetric profiles. In 2000, shore-parallel sidescan sonar surveys were run at five of the sites; poor weather prevented data acquisition at the Ludington site. Additional details about the sidescan sonar tool and associated data processing, interpretation, and analyses are described elsewhere (Mackey and Liebenthal 2005) . At all six survey sites, areas are classified and grouped together based on their acoustic response. Areas exhibiting unique or similar acoustic characteristics were sampled multiple times and/or observed using the underwater video camera to identify grain size, composition, surface texture, and structure of the bottom materials gener- ating the acoustic response. Once identified, similar types and patterns of acoustic response were associated with specific sediment or substrate types and used to create substrate distribution and change maps. Examples of sidescan sonar mosaics, interpreted data, and substrate distribution and change maps are presented in Figure 7 . Data on substrate areas, volumes, and the results of between-year comparisons for sites where data are available are also summarized in Table 6 .
The amount of sand cover (by area) at the study sites ranged from nearly 100% at Ludington to only 17% at Painesville (1999 data). At Ludington (100% sand cover) and St. Joseph (71% sand cover), the abundance of sand is due to the relatively high proportion of sand in eroding bluffs and nearshore areas updrift from the study sites. At St.
Joseph, the abundance of sand may also be associated with beach nourishment activities associated with the St. Joseph/Benton Harbor navigation structure. At Sheldon Marsh (72% sand cover), retreat of the protective sand barrier in the mid-1970s created an embayment that effectively traps and retains littoral sand. Moreover, this reach of the coastline can be considered to be a depocenter for the littoral cell that extends from Huron, Ohio west to the Cedar Point Chaussee. The amount of sand cover in 1999 at Port Washington (44%), Two Rivers (38%), and Painesville (20%) is considerably less due to the relatively low proportion of sand in adjacent bluffs and abundance of cohesive clay exposed in adjacent nearshore areas. Also, at Painesville, littoral transport is interrupted by a large harbor complex at 
FIG. 6. Evaluation of measured average beach width at each site during 1999 and 2000 surveys; (A) Exposed beach width; (B) Changes not attributable to water level change (inundation).
FIG. 7. Sidescan sonar mosaics and interpretations for all of the Lake Michigan sites. Sand over cohesive clay and lag gravel are present at both the Two Rivers site (A) and the Port Washington site (B) while the Ludington site (C) is covered by a broad sand sheet. Figure D is an example of an area change and centroid analysis at the St. Joseph site. Details are presented in a companion paper by Mackey and Liebenthal (2005).
Fairport Harbor located updrift (to the west) of the survey site. Thickness of sand deposits was approximated using both the unprocessed paper sidescan sonar records and the bathymetric data collected by the University of Michigan. Thickness was calculated by extrapolating a sloping, hard surface (cohesive clay) underneath the mobile sand substrate using shore-normal bathymetric profiles, the distribution of sediment from bottom grab samples, and patterns of acoustic backscatter on the sidescan sonar records. The depth over non-sand areas minus the depth over adjacent sand areas provides an approximation of the sand thickness. The vertical thickness of the mobile sand substrate was then integrated along the shore-normal bathymetric surveys to calculate the average thickness (methodology similar to that described by Nairn and Willis 2002) . The resulting calculated sediment volumes are summarized in Table 6 . These volumes provide a qualitative measure of the potential for lakebed downcutting in the nearshore zone. In the case of cohesive shorelines, the thinning or loss of sand cover in the nearshore may expose underlying cohesive clays to erosion. This process is called lakebed downcutting. Experimental sand bed mobilization studies demonstrated that there is a critical threshold value for sand cover (~200 m 3 /m) where the underlying cohesive clays are protected from wave erosion by the overlying sand sheet (Nairn 1992) . When the volume of sand is reduced below this critical value, the sand sheet may be mobilized and rapid erosion of the underlying cohesive clay substrate may occur. Substrate-change maps were used to infer a general direction of sand transport between 1999 and 2000 for five of the survey sites (Mackey and Liebenthal 2005) . At several sites, similarly shaped sand polygons were identified on mosaics for both years. For these, the change of shape and location of the sand polygon was used to infer direction of sand transport. At study sites where sand occurred as a broad sheet, direction of sand transport was inferred by noting the shift in position of polygon windows within the sand sheet that exposed the underlying hard substrate. Sand migration was also quantified using area change and centroid analysis as described in a paper by Mackey and Liebenthal (2005) . Results of these analyses are also presented in Table 6 . Area Change Ratios (ACR) were calculated for each of the five sites. ACR values near zero represent areas of substrate stability. Values between 0.2 and 0.5 represent areas of moderate substrate stability, and values of 0.5 or greater typify areas with unstable substrates, i.e., highly mobile.
Decrease in sand cover between 1999 and 2000, expressed in percent of total area surveyed, ranged from 0 to 5% at Sheldon Marsh, Painesville, St. Joseph, and Port Washington but was 18% at Two Rivers. Although the decrease in sand area differed from site to site, the ranking of the sites based on percent of sand cover did not change between the surveys in 1999 and 2000. Similar patterns appear when comparing the area that changed substrate between 1999 and 2000. Values ranged from 9 to 31% (Table 6 ).
The decrease in sand cover at Two Rivers (18% of area) was nearly four times greater than at the other sites. Comparison of conditions at Two Rivers and Port Washington, which experience similar water levels and wave climates, suggests that sand thickness is the important variable. The sand at Two Rivers is much thinner than at Port Washington; thus, erosion of some sand from the nearshore at Port Washington causes less change in substrate than a similar event at Two Rivers.
Water depth and wave energy determine the amount of energy available to move sand in the nearshore (USACE 1973) . Typically, sand in deep water is less mobile than sand in shallow water. Assuming that substrates are utilized by biological communities, annual changes in both the extent and location of a sand body would affect nearshore habitat distribution. A more detailed discussion of substrate stability and biological utilization of habitat is given in Mackey and Liebenthal (2005) .
Nearshore Biological Communities
and Ecology Wave energy, alongshore currents, and sediment dynamics of Great Lakes nearshore zones expose freshwater aquatic biota to unique environmental conditions characteristic of few other freshwaters on Earth. These forces are much more akin to physical properties of oceans than inland lakes, providing habitat for taxa that are generally atypical of lake ecosystems (Janssen et al. 2004, Dettmers et al. in press) . Notable examples of such taxa that were observed as part of this study include mayfly nymphs of the Family Heptageniidae, longnose dace (Rhinichthyes cataractae), and mottled sculpins (Cottus bairdi), all of which more typically reside in headwater streams and small rivers (Janssen et al. 2004) . Other taxa that are more commonly associated with lakes generally do not occur within Great Lakes nearshore zones and were also absent in this study. Examples of such taxa include sunfishes (Lepomis spp.), dragonfly and damselfly nymphs (Odonata), and water boatmen (Corixidae). Hence, the biological communities of nearshore zones are unique and difficult to sample using traditional lake sampling techniques. It is then notable that our methods, while consistent with those of other Great Lakes researchers, were likely inadequate to address the full range of physical processes influencing biota in the nearshore zones sampled, especially with regard to wave energy and alongshore currents. However, given that the overall pro-ject effort was concerned with cumulative impacts of shoreline anthropogenic alterations as they relate to sediment dynamics and biota, we deemed our approach as suitable for exploring the general hypothesis that nearshore biological community patterns can be explained based solely on shoreline conditions.
Of the many fish (shallow water and nearshore), benthic, and zooplankton density measures (both overall for each group and individual taxa densities within groups) used in statistical analyses to determine whether these nearshore communities respond to varied shoreline features, only zooplankton and shallow water fish measures exhibited significant differences between shoreline types (Table 7) . Most analyses were hampered by high variability within the classes that primarily resulted from regional lake effects, low levels of replication, and considerable heterogeneity of nearshore habitats encountered during the surveys (see Goforth and Carman 2005) . These interactions made the results of the statistical analyses difficult to interpret, particularly because the reverse pattern of response to shoreline type occurred consistently in one of the three lake areas compared to the other two (i.e., southern Lake Erie compared to eastern Lake Michigan and western Lake Michigan). Also, the magnitudes of the responses were also often quite different among the lake areas, with measures differing by one or two orders of magnitude for sites within the same shoreline class but from different lakes areas. The level of replication for this study was necessarily low to accommodate a study design that was appropriate for disparate scientific disciplines. Therefore, increased replication within and among lake areas for each of the shoreline types of interest, or for a subset of these shoreline types, would greatly enhance the statistical power in future studies. Given these statistical constraints, the conclusions presented herein must be considered as preliminary and should be used as the basis for developing hypotheses to be tested in future research efforts seeking to explore potential relationships between nearshore biological communities and shoreline engineering. The lower zooplankton densities, both overall and with respect to most component taxonomic groups, at the mid-bluff vs. unique sites may be evidence of a community response to changing food web dynamics in the nearshore zone linked to shoreline engineering (Table 7) . The mechanism for this response appears to be related to the greater colonization success of zebra mussels, Dreissena polymorpha, at mid-bluff vs. unique sites. Although dreissenid densities were not explicitly measured as part of the study, it was very obvious that they dominated substrates at two of the three mid-bluff sites, whereas they were rare at unique sites where suitable substrates for colonization were sparse or absent. As described previously, shoreline engineering can cause nearshore areas to become sand starved, exposing larger, harder substrates that can facilitate colonization by dreissenids. This enhanced local colonization success can result in the high dreissenid mussel densities anecdotally observed at midbluff sites in this study. Dreissenids have been reported to sequester available energy and to reallocate energy to benthic algae, both of which contribute to subsequent declines in zooplankton populations (Dermott and Kerec 1997 , Vanderploeg et al. 2002 , Dettmers et al. 2003 . Thus, shorelinemediated changes in sediment dynamics and substrate availability may facilitate and even exacerbate food web alterations in nearshore areas of the Great Lakes by providing greater habitat availability for dreissenids that can elicit a bottomup response by native zooplankters. This effect may also extend to offshore (i.e., ≤ 70m water depth) benthic invertebrates, such as Diporeia, via the effects of dreissenid feeding on phytoplankton from upwelled waters and the subsequent return (i.e., downwelling) of these phytoplankton-stripped waters to offshore areas (Janssen et al. 2004) .
Although there were no statistically significant patterns in overall benthic community and individual morphospecies densities relative to shoreline status, there are several characteristics of the Painesville site, arguably the most highly modified shoreline site, that suggested community responses to shoreline/nearshore change at this site compared to all of the other sites. The Painesville site was extensively colonized by both dreissenid mussels and round gobies (Neogobius melanostomus). While the colonization of hard substrates by dreissenids has been observed to increase local habitat complexity, creating additional habitat for local non-dreissenid benthos (Dermott et al. 1993 , Stewart and Haynes 1994 , Ricciardi et al. 1997 , Botts et al. 1996 , Stewart et al. 1998 , Haynes et al. 1999 , Kuhns and Berg 1999 , non-dreissenid invertebrates were highly underrepresented (by an order of magnitude) at the Painesville site (Table 7 ) (see Goforth and Carmen 2005) . These low benthic densities may have been the result of the large numbers of round gobies also occurring at the site. Manipulative studies have demonstrated that benthic invertebrates decline significantly in the presence of round gobies (Kuhns and Berg 1999) . This non-native benthivore has been reported to rely heavily on native benthic taxa as food sources, primarily during the juvenile stages (Jude et al. 1995) , despite its primary reliance upon dreissenids as a food source. Round goby densities were estimated to be ≈ 16 individuals/m 2 based on SCUBA observations at depths of 3 m, although comparatively few were captured in seine hauls due to the locally high substrate heterogeneity that lowered the effectiveness of seines in sampling shallow water fish. These densities were extremely high compared to observations of round gobies using both SCUBA observations and beach seines at other sites. Thus, the high round goby densities at the Painesville site likely contributed greatly to the sparse non-dreissenid benthic communities observed.
The result of the species interactions and community changes at the Painesville site appears to have shifted local productivity to favor benthic, lithophilic non-native species (i.e., round gobies and dreissenid mussels), reflecting both a top-down response by native benthos and a bottom-up response by native zooplankters. The Painesville shoreline has been heavily manipulated, and the nearshore areas were generally sand starved compared to historical times, with extensive exposed hard-pack clays and glacially deposited hard substrates (e.g., cobbles, boulders, and bedrock) dominating in the nearshore zone. These large, hard substrates are ideal habitat for both round gobies and dreissenid mussels, so shoreline changes and associated changes in nearshore substrates (compared to historic times) appear to have facilitated the dominance of non-native benthos at the Painesville site. Based on SCUBA observations in 2000, the Two Rivers site appears to be following a similar pattern (see Goforth and Carmen 2005) . Although no dreissenid mussels were observed at the Two Rivers site in 1999 (perhaps due to ice scour the preceding winter), all hard substrates present at the site were heavily colonized by small dreissenids in 2000. The third mid-bluff site, St. Joseph, had no round gobies present during the 2000 surveys, although small individuals of this species were observed associated with groins and revetments at the site in 2003. Open beach areas surveyed in the vicinity of the groin/revetment sample sites in 2003 yielded no round gobies in beach seine hauls, providing additional, although anecdotal, evidence to suggest that the shoreline structures may facilitate invasion of local areas by providing suitable habitat within a matrix of largely unsuitable habitat, in this case, sand. A future change in benthic community properties may be expected at the St. Joseph and Two Rivers sites based on observations at Painesville. However, there will likely be a lag time between the dreissenid mussel colonization and round goby invasion during which benthic communities will remain relatively intact, contributing to the non-significant statistical tests conducted for this study.
Overall shallow water (< 1.0 m depth) fish catch per unit effort (CPUE) was higher for unique shorelines (Table 7) . This appeared to be largely due to the high productivity at the Sheldon Marsh site and the comparatively species rich community at the Ludington site. However, differences in CPUE between unique and mid-bluff sites may have also been due to greater seining success in the sandy shallow water substrates generally associated with the unique sites (except Port Washington, where substrates were more variable and estimates were comparably lower than other unique sites). This was, in fact, supported by the contradictory observations of round goby densities between seining efforts (low densities) and SCUBA reconnaissance (very high densities) conducted at the Painesville site as described previously. The high variability in catch rates among seine hauls further suggested that shallow water fish were either patchily distributed or that variable substrate and/or wave conditions influenced sampling efforts both within and among study sites. These obvious limitations in sampling techniques made it difficult to conclude that nearshore habitat types associated with unique vs. mid-bluff shorelines were truly more or less productive with respect to shallow water fish. It was nonetheless clear that sand-based nearshore areas were characterized by sufficient shallow water fish CPUE and species richness to suggest that these are important habitats within the context of the Great Lakes Basin and not simply "wet deserts" as they are often considered. Further, these sand-based systems, while characterized by homogeneous habitats at the site scale, appeared to be faunally distinct compared to rocky nearshore areas that were more heterogeneous with respect to substrate composition, and therefore habitat, locally. While shoreline mediated habitat transformations from sandy to rocky substrates in nearshore zones may increase local habitat heterogeneity and thus provide new and/or different foraging opportunities for predators locally (e.g. Wells 1977) , there are likely to be other consequences resulting from these transformations that are not fully understood. From this perspective, the loss of sand-based nearshore systems resulting from shoreline engineering is undesirable and may have consequences for losses of biodiversity and ecosystem services at lake and/or basin scales.
CUMULATIVE IMPACTS
For the purposes of this discussion, cumulative impacts are induced by the combination of individually minor effects (or impacts) of multiple natural or anthropogenic shoreline modifications over time.
As an example, shore-perpendicular navigation structures associated with commercial and recreational harbors may produce far more reaching cumulative impacts than the sum of local impacts from each individual structure. The science of understanding cumulative impacts is in its infancy; however, it is recognized that these cumulative impacts extend far beyond pure physical influence. They include modifications of the geological, chemical, and biological systems in operation within the nearshore region as well as changes to the physical setting.
Numerous studies have shown that hard engineering structures, such as jetties, breakwalls, groins, revetments, and seawalls produce a measurable impact on the shoreline that extends for many times their length (e.g., Berek and Dean 1982 , Carter et al. 1986 , Dean and Work 1993 , Kraus 1988 , Stauble and Kraus 1993 , Komar 1976 , O'Brien and Johnson 1980 , Shabica and Pranschke 1994 , Nairn and Parson 1995 , Parson et al. 1996 . Large navigational structures may extend more than 400 meters into the lake from shore. The measurable impact of these structures may extend up to 6 to 10 times the overall length of the structure along the shoreline. The same relationship has been shown to hold true for smaller, individual, private shore protection structures. These structures alter natural coastal processes and interrupt the longshore transport of littoral sediment. Littoral sediments accumulate updrift of the structure thereby effectively eliminating them from the active littoral system. The downdrift reduction in available sediment supply results in a loss of protective sand cover, accelerates nearshore lakebed downcutting, and increases incident wave energy impinging on the shoreline. Protective beaches become thinner and narrower, and bluff-recession rates increase as protective beaches become thinner and narrower (e.g., Shabica and Pranschke 1994 , Nairn and Parson 1995 , Nairn and Willis 2002 . These effects are initially local, but long-term permanent reductions in littoral sediment supplies will directly impact the entire downdrift shoreline reach.
For example, a series of man-made harbor structures have been constructed along the Michigan and Wisconsin shorelines of Lake Michigan, each producing its own localized set of impacts that may extend many times its length laterally along the shoreline. Each of these structures captures a portion of the available littoral sediment supply, and may divert those sediments into deeper offshore waters. Depending on where these structures are located within what was once a natural littoral cell, each successive harbor structure may trap and remove additional sediment from the littoral system. The net (or cumulative) effect of these anthropogenic modifications is to artificially subdivide natural littoral cells into discrete shoreline segments (or sub-cells), each of which becomes progressively more sediment-starved with increasing downdrift distance. Under natural conditions, the downdrift portions of littoral cells are typically depocenters (i.e., areas where sediments are deposited and accumulate). As a result, it would appear that the potential cumulative impacts of these structures on nearshore and coastal habitats are much more significant in the downdrift portions of what were once natural littoral cells.
Data collected during this study show that a loss of sand cover will typically expose thin lag deposits of coarse sand, gravel, and cobble-size material over an indurated cohesive clay or bedrock substrate. Others have observed this phenomenon as well (e.g., Shabica and Pranschke 1994, Nairn and Willis 2002) . While environmental responses to this phenomenon have been relatively well understood for some time, we now know the nearshore ecology will change in response to increasing habitat heterogeneity created by the loss of sand cover and exposure of these rocky substrates. Of course naturally occurring rock-dominated substrates and associated communities are important nearshore ecological features in many areas of the Great Lakes basin (e.g., Janssen et al. 2004) . Our work suggests that shoreline alterations that result in nearshore sand starvation facilitate habitat transformations that may alter the distribution and species composition of multi-taxonomic communities, and alter trophic structures characteristic of sand-based nearshore ecosystems. Furthermore, it appears that these transformations may also facilitate wider colonization of nearshore areas by lithophilic aquatic nuisance species, such as dreissenid mussels and round gobies, which more readily replace native benthic taxa as coarse-grained substrates become exposed. Widespread alteration of nearshore habitats may have significant implications for trophic dynamics and productivity in the Great Lakes by shifting energy flow from predominantly pelagic communities to benthic communities in nearshore areas, and potentially affecting upwelling/downwelling cycles in offshore areas (MacIsaac 1996 , Dermott and Kerec 1997 , Haynes et al. 1999 , Janssen et al. 2004 . This, in turn, may have considerable effects on Great Lakes fisheries and other economically significant ecosystem services provided by the basin.
CONCLUSION
The results presented here are the result of a multi-disciplinary pilot effort to describe cumulative Great Lakes coastal impacts based on simultaneous assessments of shoreline and nearshore physical, geological, and biological attributes. Clearly, additional work is needed to more explicitly describe the stressor-response relationships that exist between shoreline development and Great Lakes biological communities and ecological processes. What we have been able to demonstrate is that shoreline modifications may enhance habitat transformations and colonization success of aquatic nuisance species via altered nearshore substrate dynamics that make suitable substrates more available for colonization. The implication of this is that efforts to control coastal erosion may, in fact, be facilitating much larger scale changes in biological community composition, trophic structure, ecosystem function, and fisheries production within the Great Lakes basin.
